BACKGROUND Extruded and ground milk protein concentrate powders, specifically those with 800 g kg-1 protein (i.e. MPC80), imparted softness, cohesion and textural stability to high-protein nutrition (HPN) bars. The present study evaluated some physicochemical properties of extruded and conventionally produced (i.e. spray-dried) MPC80 to explain these improvements. Protein chemical changes and aggregations within MPC80-formulated HPN bars during storage were characterized.
INTRODUCTION
Starchy matrices easily extrude to produce puffed snacks of low nutritional value.
Adding protein is appealing from a nutritional standpoint, but decreases processability and negatively impacts extrudate textural quality. 1 Hence, literature has focused extensively on protein-starch interactions that develop during extrusion by processing different proteins with different starches, and then reporting extrudate properties (e.g., expansion index, hardness).
Direct food applications here include expanded snacks, textural crisps, and meat analogs, but are limited overall. 2, 3 A lesser-studied use of extrusion is to simultaneously apply heat, shear force, and pressure to modify the physiochemical properties of protein concentrates and isolates to produce novel protein ingredients.
Extrusion modified the physicochemical properties of milk protein concentrate (MPC), pea protein isolate (PPI), whey protein concentrate (WPC), and soy protein isolate (SPI) for improved functionality in target applications. [4] [5] [6] [7] Nutritional and other product qualities of puffed cornmeal were improved by adding extrusion-modified whey protein isolate (WPI). 8 Extruded MPC produced non-baked high-protein nutrition (HPN) bars (e.g, 200 to 500 g kg -1 protein) that were softer, more cohesive, and less prone to texture changes during storage than bars formulated with the spray-dried control. 9, 10 In both examples, extrusion modified each ingredient's physicochemical properties; not just the protein's structure-function relationships.
The summation of change improved performance in each application. However, specific physical and chemical properties altered by extruding and milling MPC with protein content of 800 g kg -1 (i.e., MPC80) remain unknown. Further investigation is required to understand why, from both a chemical and physical standpoint, extruded MPC80 powders, in comparison with a spray-dried control, produce softer, less crumbly, and more texturally stable HPN bars.
HPN bars are complex systems to study because their texture deteriorates with time and
is not attributable to a single mechanism. Formulation (e.g., macronutrient composition, ingredients) and processing (e.g., baked versus formed, mixing times) are two factorial categories that influence product texture even before storage at different environmental conditions (e.g., temperature, packaging). 11 Many scientific studies have looked at the effect of protein source on HPN bar texture and its time-dependent changes assuming that different proteins are chemically and structurally disposed to perform better or worse in these applications. [11] [12] [13] [14] [15] A common conclusion is that food protein hydrolysates produce soft, texturally stable HPN bars. 14, 16 Extruded and ground MPC80s resulted in HPN bars with similar texture
attributes, yet, food protein extrusion is not known to hydrolyze proteins. 5, 10 While protein ingredients do perform differently in HPN bars, these differences are not only due to the molecular differences between proteins, but also due partially to the unapparent physical differences between the powders.
Conventional MPCs are derived from fluid skim milk through sequential ultrafiltration, concentration, and spray drying, which yields powder that maintains the casein to whey protein ratio (i.e., 800 g casein and 200 g whey kg -1 protein). Regardless, this production sequence, especially spray drying, is common to many protein concentrates and isolates, and partially dictates the resultant physicochemical properties (e.g., particle size distribution, particle and bulk densities, occluded and interstitial air volumes, wettability, surface hydrophobicity, dispersibility, solubility, water holding capacity). Subsequent extruding, drying, and milling a conventionally produced MPC80 will alter its physicochemical properties, several of which have been identified as variables that affect protein ingredient performance in HPN bars. 11 For example, soy protein ingredients with intermediate solubility (30% < soluble solids index < 55%) produced HPN bars that balanced hardness, e.g., not too hard, and cohesiveness, e.g., not too crumbly. 11 Compared to the spray-dried control, extruded MPC80 was less soluble. 4 Despite having an opposing effect on solubility than hydrolysis, 17 these extruded powders performed better than the control in model HPN bars. 9, 10 Moreover, extruded MPC80 also had lower water holding capacity (WHC) than spray-dried MPC80. 4 Reducing WHC may limit moisture migration between HPN bar constituents, a commonly proposed mechanism of texture change, during storage. 12, 18 The effect of extrusion on MPC80's other physiochemical properties, including particle size distribution, particle and bulk densities, occluded and interstitial air volumes, wettability, and surface hydrophobicity are not well characterized.
The following study characterizes the physicochemical properties of conventionally produced and extruded MPC80. Free sulfhydryl and free amine concentration of each MPC80 is considered since preceding work, albeit mostly done using whey protein derived ingredients, has strongly suggested that time-dependent texture changes of intermediate moisture foods occur as disulfide-bonded and Maillard-induced protein aggregates form. 15, 19 From a free sulfhydryl standpoint, MPC80 is less likely to participate in the formation of new disulfide bonds compared to whey-based ingredients since casein, the main protein fraction in MPC80, contains no free sulfhydryl groups whereas beta-lactoglobulin (β-lg), the predominant whey protein, contains 1 free sulfhydryl per macromolecule (i.e., C121). However, protein bars formulated with spraydried MPCs were more susceptible to texture changes during storage than those formulated with whey proteins. 12, 13 Extruding MPC80 can decrease free sulfhydryl and free amine concentration via protein-protein disulfide bond formation and the Maillard reaction with residual lactose.
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These chemical changes may limit progressive and texture-changing protein aggregation within HPN bars and the latter part of this study seeks further understanding of such changes. The aforementioned properties, including particle sizes, densities, interstitial and occluded air volumes, solubility, WHC, surface hydrophobicity, and wettability of conventional and extruded MPC80, were measured and used in combination with the chemical changes brought out by extrusion to explain why extruded MPC80s texturally outperform their spray-dried counterparts in HPN bars. 
MATERIALS AND METHODS

Materials
Statistical analyses
Powder physicochemical property mean values were differentiated using the generalized linear mixed model (GLMM) (SAS® version 9.4, SAS Institute Inc., Cary, NC). Protein powder was the only independent variable in the analysis of densities, volumes, particle sizes, WHC, and free amine concentration. pH, SDS, and time, each of which were set as categorical independent variables, were added to the models analyzing protein solubility, free sulfhydryl concentration, and water droplet contact angle and volume, respectively. Random error terms accounted for assay replication and replicated measure of each powder. Water droplet contact angle and volume were also modeled with time as a continuous variable and, using those models, average rate of change for each (i.e., dθ/dt, dV/dt) were determined after correcting for multiplicity with the simulate adjustment (α = 0.05). HPN bar free amine and free sulfhydryl concentrations were analyzed using the GLMM. Independent variables were formulating powder, time, temperature, and all interactions. Assay replicate and replicate nested preparation of each HPN bar were the random terms. Statistical contrasts were significant if the adjusted P-value was less than 0.05.
RESULTS AND DISCUSSION
Powder physical properties: Particle sizes, densities, and occluded & interstitial air volumes Control MPC80 had larger particle size than the extruded powders (P < 0.05). Diameters (i.e., D10, D50, D90, D4,3) decreased in the order of E116, E105, and E95 ( Particle size distribution of E105, E116, and MPC80 were previously discussed as factors affecting HPN bar texture, 10 but the specific functionalities of MPC80 altered by both particle size reduction and extrusion have not been discussed.
Mean ρloose, ρ100X, ρ1250X, and ρparticle for the extruded MPC80s were 520, 600, 640, and 1320 g L -1 , respectively, and each was greater (P < 0.05) than those measured for the control (Table 1) . Extruded powders contained, on average, 0.91 and 0.033 L kg -1 interstitial and occluded air, respectively, and both Via and Voa (Table 1) were lower than the control (P < 0.05).
Smaller, more disperse powder particles in extruded MPC80 fill voids occupied by air in the control powder, which decreased its Via. Extruding and milling conventionally produced MPC80 reduced its occluded and interstitial air volumes and increased powder and particle densities.
While less relevant after complete dissolution, MPC80 particle structure (e.g., size, distribution, densities, air volumes) is partially maintained within HPN bars, 12 influenecing texture and stability. HPN bars made from E105 or E116 were denser and more cohesive than the one formulated with control MPC80. 10 Control HPN bar density was 170 g L -1 lower than those formulated with extruded MPC80, which was due to more occluded and interstitial air in the conventionally produced MPC80 and lower bulk density. The larger, more uniformly distributed particles found in the control powder offer less surface area for particle-particle interactions and, along with the powder introducing more air into the product, partly explain why HPN bars made from this powder are more crumbly than the ones made with extruded MPC80.
Powder solubility
Extrusion reduced soluble protein at each pH (P < 0.05), which is related to overall solubility for these high protein powders ( Figure S1 ). extruded on smaller equipment due to more shear being imparted. 4 Model HPN bar pH ranged from 6.0 to 6.8. 10 In the encompassing pH range of 5.5 to 6.8, conventionally produced MPC80 protein solubility fell between 28% and 35%. The HPN bar made using this MPC80 may have lacked cohesion due to the powder's ability to resist dissolution, an attribute required in some degree to hold the system together. However, extruded MPC80 solubility at pH 5.5 and pH 6.8 revealed that these powders were about 24% and 19% less soluble, respectively, than the control, and still produced a cohesive HPN bar. 10 An alternative hypothesis is that soluble proteins possess stronger ability to pull water away from other HPN bar constituents, which dehydrates them and contributes to changing texture by way of internal moisture migration. 11 Extrusion decreased the solubility of MPC80, and in doing so produced a more physically and chemically inert protein ingredient suitable for the production of texturally stable HPN bars.
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Powder-water interaction
Extrusion decreased MPC80's WHC by 42% (P < 0.05). The WHC of E95, E105, and E116 did not differ significantly among themselves (P > 0.05) (Table S1 ). Occluded and interstitial air volume of powders serve as a reservoir for water within and between particles, respectively. Since extrusion reduced Voa and Via (Table 1) , it also reduced WHC by eliminating spaces that potentially entrap water in sponge-like fashion. The extruded powders possessed statistically equivalent Voa and Via (P > 0.05) and this contributed to their statistically equivalent WHC (P > 0.05).
Initial water droplet contact angle (i.e., θ0s) on each extruded powder surface was larger (P < 0.05) than that on the control (Table S1 ). However, droplet profiles on the former quickly changed as water spread and imbibed ( Figure 1 ). After 25 s, droplet contact angles (i.e., θ25s) on each powder were statistically equivalent (P > 0.05). During the first 25 s of dynamic contact angle analysis, contact angle on the control decreased at a slower rate (P < 0.05) compared to extruded MPC80, as suggested by dθ/dt values (Table S1) . E95, E105, and E116 absorbed a significant (P < 0.05) portion of the initial water droplet after 25 s whereas water droplet volume on the control did not change (P > 0.05) during the same timeframe (Table S1 ). Water droplets on extruded powders collapsed, that is lost convex shape, after 60 s ( Figure 1A ). After the same amount of time, a stable, semi-spherical droplet remained on the conventionally produced MPC80 ( Figure 1A) .
Limitations of the contact angle analysis, e.g., particle structure changes during compaction, pellet surface roughness affects results, droplet evaporation occurs, solids dissolve into the droplet, are well known and assay results are qualitative. However, the simplicity and reproducibility of the assay make it a go-to method for comparing hydrophobicity and wettability of different powders. Larger θ0s for the extruded MPC80s indicated a more hydrophobic surface.
Rapid reduction in contact angle ( Figure 1B ) suggested improved wettability. Extruding MPC80
broke the water-impermeable crusts known to encapsulate these spray-dried powders and exposed hydrophobic components once relegated to the particle interior. 31 Water droplet spread and absorption on E95, E105, and E116 was similar to that observed on low-protein MPCs, 25 which interact better with water than high-protein varieties. Droplet stability on MPC80 ( Figure   1A ) reaffirms that spray-dried high-protein MPCs possess poor wettability. Though initial hydrophobicity increased, extruding MPC80 improved wettability and overall ability to rehydrate, but not necessarily dissolve, when exposed to water.
Improved wettability, lower solubility, and reduced WHC make extruded MPC80s a better choice for use in HPN bars than conventionally produced MPC80. During HPN bar production, extruded varieties hydrate rapidly which lowers powder glass-rubber transition temperature and contributes to particle structure loss and system plasticization. 32 Increased plasticization of E105 and E116 translated into HPN bars that were softer, more cohesive, and less crumbly than the one formulated with control MPC80, in which particle structure and properties were noticeably maintained. 10 In the HPN bar made with control MPC80, structurally intact particles absorbed moisture from other components just as MPC80 powder slowly absorbed a droplet of water ( Figure 1B) . Under right conditions, extrusion plasticize MPC80 powder particles to similar to hydrolysates during HPN bar production. Also, with lower WHC to drive moisture migration and lower Voa to entrap water molecules within structurally intact particles, extruded MPC80s are less able to pull water from other HPN bar constituents during storage, one of the main reasons for increase in bar hardness when MPCs are used in bars.
Textural preservation of the extruded MPC80 formulated HPN bars was partially by reduction of internal moisture migration. 10 Extruded MPC80 interacted more favorably with water, which improved its ability to produce soft, cohesive, and texturally stable HPN bars.
Protein powder and HPN bar free sulfhydryl concentration
To increase DTNB's accessibility to buried free sulfhydryl groups in MPC80 and elicit a higher response during Ellman's assay, SDS was included in the assay buffer despite previous exclusion. 21 Inclusion increased solubility of E116 (P < 0.05), but had no significant effect on the solubility of the other powders (P > 0.05). Soluble protein, with and without SDS, ranged from 29.9 to 32.8 g L -1 and with similar solubility, differences in free sulfhydryl concentration were attributable to chemically induced changes (e.g., oxidation, disulfide bond formation).
Extruded MPC80s had lower free sulfhydryl content than the control (P < 0.05); melt temperature did not have a significant effect (P > 0.05) ( Table 2 ). The free sulfhydryl concentration of E116 was numerically lower than E95 and E105, which suggested more protein denaturation and disulfide bond formation and/or free sulfhydryl oxidations at higher processing temperatures. 9 , 21, 33 SDS inclusion in the free sulfhydryl assay buffer did not affect (P > 0.05) measureable free sulfhydryl concentration of the powders (Table 2) . Resultantly, HPN bar free sulfhydryl evaluation required only the SDS containing buffer. Initial HPN bar free sulfhydryl concentration (i.e., HPNB-0W-22) was comparable to that of the formulating protein powder (Table 2) .
Protein powder and HPN bar free amine concentration
Even though OPA registers both ε-and α-amino groups, this method is favored for measuring reactive or nutritionally active lysine over the total lysine technique, which includes nutritionally unavailable lysine. [34] [35] [36] Protein solubility in the free amine buffer ranged from 3.1 to 4.2 g L -1 and, with similar solubility, differences in free amine concentrations were attributable to the different processing conditions. Extruded MPC80 free amine concentration was lower than the control and increasing melt temperature from 95°C to 116°C led to a larger decrease (P < 0.05) ( Table 3 ). Initial HPN bar free amine concentration (i.e., HPNB-0W-22) was similar to yet slightly lower than that of the formulating powder (Table 3) .
Chemical changes and protein aggregations during HPN bar storage
Storage of HPN bars at 32°C for 6 weeks simulated 52 weeks at 22°C, 14 , 18 the minimum industry-required shelf life for such products. Evaluations made after 6 at 32°C or 29 weeks at 22°C served as intermediate time points only. Twenty-nine weeks at 32°C was an extreme treatment combination that accelerated storage for much longer than 1 year. Changes in sulfhydryl and amine concentrations were evaluated over simulated time (i.e., across rows in Tables 2 and 3) .
HPN bar protein soluble in the free sulfhydryl buffer was between 22.9-23. (Figures 2 and 3 ). Extruding MPC80 led to DLPA formation. These high molecular weight (˃ 250 kDa) aggregates, which were too large to permeate into the non-reduced gels, were initially present within HPN bars formulated with extruded MPC80 and they persisted through week 6 at 32°C (Figure 2 ). These DLPA, along with some of those with molecular weight between 75 and 250 kDa that developed during HPN bar storage (Figure 2) , were broken by the reducing agent and did not appear on the reduced gel ( Figure 3 ). β-lg participated in initial DLPA and their formation during storage, which was confirmed by the reappearance or intensification of this protein band on the reduced gels ( Figure 3) . β-lg's inability to solubilize from extruded MPC80 without a reducing agent led to lower measurable free sulfhydryl concentrations in those HPN bars compared to the one made with conventionally produced MPC80 ( Table 2 ). PA that remained on the reduced gels (Figure 3 powder storage as advanced Maillard browning products (e.g., glutaraldehyde) and di-carbonyls (e.g., glyoxal) cross-linked proteins. 38-40 HPN bars formulated with extruded MPC80s were less prone to internal glycations and induced protein aggregations because free amine concentration was significantly lower in the base material (Table 3) . Since β-lg was not pre-aggregated in the control powder, it was more prone to glycation and increasing molecular weight during HPN bar storage, which was why the band for this protein dispersed and migrated a shorter distance on each gel (Figures 2 and 3) . HPN bar texture changed slower when formulated with extruded MPC80 partly as β-lg was pre-aggregated into DLPA and less likely to participate in internal disulfide bond formations, and partly due to the inability of the protein to cause or participate in
Maillard-induced aggregations.
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CONCLUSIONS
Extrusion followed by drying and milling altered some physicochemical properties of conventionally produced MPC80. Processing MPC80 increased its bulk and particle densities, and decreased interstitial and occluded air volumes. Solubility and WHC of extruded MPC80
were both lower than the spray dried control. 
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